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Abstract
We study the eects of SO(10) D-terms on the allowed parameter space ( APS ) in
models with t− b− τ and b− τ Yukawa uniction. The former is allowed only for moderate
values of the D-term, if very precise (  5% ) unication is required. Next we constrain
the parameter space by looking for dierent dangerous directions where the scalar potential
may be unbounded from below ( UFB1 and UFB3 ) constraints. The common trilinear
coupling A0 plays a signicant role in constraing the APS. For very precise t− b− τ Yukawa
unication, −m16 < A0 < m16 can be probed at the LHC. Moreover, an interesting mass
hierarchy with very heavy sfermions but light gauginos, which is strongly disfavoured in
models without D-terms, becomes fairly common in the presence of the D-terms. The APS
exhibits interesting characteristics if the common sfermion soft mass m16 is not the same
with the soft mass m10 for Higgs sector. In b− τ unication models with D-terms, the APS
allowed by Yukawa unication and REWSB increases and UFB1 constraint become weaker.
However for A0 < 0, a stronger UFB3 condition still puts, for a given m16, a stringent upper
bound on the common gaugino mass and a lower bound on the common soft breaking scalar
mass for for a given m1/2.
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It is quite possible that the Standard Model (SM), is not the ultimate theory of nature, as is
hinted by a number of theoretical shortcomings. One of the most popular choices for physics
beyond SM is supersymmetry (SUSY) [1]. However, SUSY introduces a plethora of new param-
eters, and it is important to constrain them in as many theoretical ways as possible, in addition
to direct searches at colliders.
One of the most useful ways to constrain the allowed parameter space (APS) of SUSY
models is to consider the dangerous directions of the scalar potential where the potential may
be unbounded from below (UFB) or develops a charge and/or color breaking (CCB) minima
[2]. Dierent directions are chosen by giving vacuum expectation value (VEV) to one or more
coloured and / or charged scalar elds, while keeping the VEVs of the other scalars to zero.
In a very interesting paper which revived interest in UFB and CCB constraints, Casas et
al [3] investigated the eects of such constraints on SUSY models. Though their formulae are
fairly model-independent, they have carried out the numerical analysis for moderate values of
tan β (the ratio of the VEVs of the two Higgs elds) only, when one can ignore the eects of
b and τ Yukawa couplings in the relevant renormalization group equations (RGE’s). Further
they used the standard minimal supergravity (MSUGRA) assumption of universal soft scalar
mass m0 and universal gaugino mass m1/2 at the GUT scale MG, referred to hereafter as the
‘conventional scenario’, to determine the sparticle spectrum. Their main result was that within
the framework of MSUGRA, a certain UFB constraint known as UFB3 with VEV given in the
direction of the slepton eld puts the tightest bound on the SUSY parameter space that they
considered (see eq. (93) of [3] and the discussions that follows).
In a recent paper [4], we have extended and complemented the work of [3] by looking at the
allowed parameter space (APS) subject to such ‘potential constraints’ for large values of tan β,
motivated by possible partial b-τ [5, 6] and full t-b-τ Yukawa unication [7]. Such unications
are natural consequences of an underlying Grand Unied Theory ( GUT ), e.g., one in which
the GUT group SO(10) breaks directly into the SM gauge group SU(3)  SU(2)  U(1). With
a minimal Higgs eld content (one 10-plet), containing both the Higgs doublets required to
give masses to u and d type quarks, all three Yukawa couplings related to the third generation
fermions must unify at the GUT scale; if one assumes more than one 10-plet, at least the bottom
and the tau Yukawa couplings must unify.
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In addition we require radiative electroweak symmetry breaking ( REWSB ) [8]. We further
require that the lightest neutralino ( ~χ0 ) be the lightest supersymmetric particle ( LSP ). All
the above constraints will be used to obtain the allowed parameter space ( APS ) although the
last two may not be stated explicitly everywhere.
The salient points of [4] are summarised below: We found that a) for the common trilinear
coupling A0 < 0, the requirement of partial b − τ unication in conjunction with the stability
condition on the potential yields highly restrictive sparticle spectra with upper, and in many
cases, lower bounds, stronger than the available experimental lower bounds, on the soft SUSY
breaking common scalar mass and the common gaugino mass ( m1/2 ). b) Over a signicant
region of the parameter space, the model becomes even more restrictive if the common sfermion
soft mass ( m16 ) is dierent from the soft mass for the Higgs sector ( m10 ). c) We also found
that the bulk of this restricted parameter space can be probed at the LHC. d) In models with
full t − b − τ Yukawa unication with moderate accuracy (  10% ), A0  0 is ruled out from
potential constraints. For A0  0 a reasonably large APS is obtained although sparticles with
masses close to the currently available lower bounds are forbidden.
These UFB and CCB constraints depend crucially on the particle spectra at the properly
chosen scale where the true minimum and the dangerous minimum can be reliably evaluated
from the tree level potential ( Vtree ) [9, 3]. Such spectra, in turn, depend on the boundary
conditions at the GUT scale. In our earlier paper [4], we assumed a common soft breaking ( SB
) mass for all sfermions ( m16 ) at MG, and a common mass parameter for both the Higgs elds
(m10 ). we then studied the constraints for two sets of boundary conditions: i) the SUGRA
motivated universal scenario ( m16 = m10 ), and ii) a nonuniversal scenario (m16 6= m10 ). The
second model is motivated by the fact that a common scalar mass at the Planck scale, generated
by the SUGRA mechanism, may lead to nonuniversal scalar masses at the GUT scale due to
dierent running of m10 and m16, as they belong to dierent GUT multiplets [10].
It is welknown that the breaking of SO(10) to the lower rank SM group introduces nonzero
D-terms at the GUT scale [11]. These SO(10) breaking D-terms alter the sparticle spectra at
the GUT scale . In this paper we focus our attention on the impact of such D-terms on the
APS restricted by Yukawa unication and the stability of the potential in both universal and
nonuniversal scenarios. In recent times the phenomenology of the D-terms have attained wide
attention[12, 13].
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D-terms acquire particular importance in the context of t-b-τ unication, as has already been
noted in the literature [13]. The new nding of this paper, which will be elaborated below, is that
while moderate values of the D-term indeed lead to better unication, larger magnitudes of this
term may worsen it. We also nd that certain generic mass patterns which are very uncommon
in models without the D-terms become the favoured ones in the presence of D-terms.
Throughout the paper we ignore the possibility that nonrenormalizable eective operators
may stabilise the potential [14]. The dangerous minima that we encounter in our analysis typi-
cally occur at scales < 108 GeV where the eects induced by the nonrenormalizable operators,
which in principle can be signicant in the vicinity of the GUT scale, are not likely to be very
serious.
It has been pointed out in the literature that the standard vacuum, though metastable, may
have a lifetime longer than the age of the universe [15], while the true vacuum is indeed charge and
colour breaking. If this be the case, the theory seems to be acceptable in spite of the existence
of the unacceptable UFB minima that we have analysed. However, the life-time calculation,
which is relatively straightforward for a single scalar eld, is much more uncertain in theories
where the potential is a function of many scalar elds. Thus it is dicult to judge the reliability
of these calculations. Moreover, the constraints obtained by us does not loose their signicance
even if the false vacuum idea happens to be the correct theory. If these constraints are violated
by the expeimental data then that would automatically lead to the startling conclusion that we
are living on a false vacuum and charge and colour symmetry may eventually breakdown.
In section 2 we shall mainly review the results of [4] and add a few new observations. In
section 3 we shall qualitatively discuss the impact of the D-terms on the APS. The numerical
constraints in the m16 − m1/2 plane will be presented in section 4. Our conclusions will be
summarised in the last section.
2 Constraints obtained without the D-terms
In this section we summarise the results of [4]. Our main motivation is to orient the discussion
in such a way that the circumstances under which the eects of the D-terms could be most
interesting, may be anticipated. However, we also take this opportunity to add a few points
which were not included in our earlier work.
The methodology that we follow is the same as that of [4] ( see section III ). We start with the
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Yukawa couplings at the weak scale and evolve them to the GUT scale MG and take the minimum
value of tanβ which is sucient for Yukawa unication to a certain accuracy. We then check
the REWSB condition, compute the physical sparticle spectrum and test their consistency with
the currently available experimental bounds. Next we impose the UFB conditions for testing
the stability of the potential. Our approach is dierent from the ones which compute the APS
for a xed tanβ. If, for example, we x tanβ  49, which is quite often sucient for t − b − τ
Yukawa unication, we would have obtained much smaller APS due to the conflict with REWSB
condition. On the other hand by adjusting the value of tanβ at the minimum value required by
full unication we obtained a conservative APS.
Now some comments on the accuracy of the Yukawa unication are in order. In analyses
based on currently available techniques, such unication may indeed appear to be only approxi-
mate due to various uncertainties ( see, e.g. ref [4] ). In order to accommodate such uncertainties,
one relaxes the Yukawa unication condition by a nite amount (5%, 10% or 20%). It is in-
teresing to note that quite often the UFB constraints rule out subtantial parts of the extended
APS which open up due to relaxation of the accuracy of Yukawa unication[4]. The review of
this section will mostly concentrate on an uncation of modest accuracy (  10% )following
reference [4].
It is welknown that µ < 0 , where µ is the Higgsino mass parameter, is not suitable even
for b − τ Yukawa unication [13] since that requires too high a value of tanβ which makes the
Yukawa couplings diverge during the running from the weak scale to the GUT scale.
For µ > 0 one still needs suciently large values of tan β to boost the bottom and the τ
Yukawa couplings at the weak scale required for unication at MG. Such values are, in general,
disfavoured by the REWSB condition. The essential reason is that in this case m2Hd is driven by
large b and τ Yukawa couplings to values lower than that of m2Hu and µ
2 becomes negative. For
b− τ Yukawa unication the required value of tan β , though relatively high, is not big enough
to be in conflict with the REWSB condition. For still higher values of tan β required by very
precise t− b− τ unication unication and REWSB can not be reconciled. On the other hand
if only approximate unication is required, then relatively low values of tan β serve the purpose
and a reasonablly large APS emerges.
Now we focus on the basic reasons which leads to upper and lower bounds on the APS if
partial and full unication is required. For relatively lower values of tanβ required by partial
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unication, REWSB can be accommodated in the phenomenologically interesing small m16 −
m1/2 region of the parameter space (viz. for m16,m1/2  200 GeV, the required value is tanβ 
30, and for m16,m1/2  800 GeV, tanβ  41 ). Smaller values of the soft breaking parameters
are disfavoured for the given tanβ. The trend remains unaltered irrespective of the choice of the
other parameters. Since tanβ  30 can accomodate partial unication we nd no lower bound
on m16, m1/2 much stronger than the current experimental bounds. For higher values of m16,
however, nontrivial and stronger lower bounds on m1/2 emerges. These bounds due to Yukawa
unication and REWSB are relatively weak for large negative values of A0 and becomes stronger
as this parameter is algebraically increased ( see gures 6 - 10 of [4] ). On the other hand the
UFB constraints are very potent for large negative values of A0. In this sense the two sets of
constraints are complementary.
Since Yt is relatively slowly varying with respect to tanβ compared to Yτ and Yb, for very
accurate ( 5 % ) t − b − τ unication we need higher value of tanβ  48 − 50 . In this
case the low m16 − m1/2 region is excluded by REWSB condition leading to lower bounds
much stronger than the experimental ones and the APS becomes rather narrow. For example,
m16 = 600,m1/2 = 1000 for tan β =49.5 gives an idea of lowest allowed masses in this case.
If we relax the accuracy of full unication lower values of tanβ serves the purpose. Conse-
quently the theoretical lower bounds on sparticle masses also become weaker. Thus full uni-
cation with modest accuracy (say 10%) tends to yield APS similar to that of b − τ unication
with the only dierence that tanβ still happens to be smoewhat larger than that for partial
unication, resulting in smaller number of allowed points in the phenomenologically interesting
low m16 −m1/2 region ( compare gures 8 and 11 of [4] ). For an accuracy  20% the APS is
almost the same as b− τ case.
For a given m16, full unication also leads to nontrivial theoretical lower bounds on m1/2
which gets stronger for larger m16, as A0 is algebraically increased. This observation is more or
less unaltered even if the constraint of universal scalar mass is relaxed ( see gures 11 -12 of [4]
). This behaviour also leads to an APS where for a given m1/2, there is an upper bound on m16.
For a given m16 there is always an upper bound on m1/2 coming for the requirement of
the neutralino LSP. However, the UFB bounds often impose stronger upper bounds on m1/2.
Such bounds always gets stronger for large negative values of A0 for reasons associated with
the running of the Higgs mass parameters ( see gures 1 - 4 of [4] and the diccussions on them
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). This trend is seen for both b − τ and t − b − τ Yukawa unication. Nonunivarsality of the
scalar masses often makes these upper bounds more sringent. For examle, with m10 < m16 the
scenario with heavy sfermions but lighter gauginos is the only viable scenario in the presence of
UFB constraints ( see gure 9 of [4]). The UFB bounds become weaker as A0 is algebraically
increased. Clearly the UFB constraints hyperactive for large negative A0 are complementary to
the ones arising from Yukawa unication and REWSB which are more potent for larger values
of A0.
2.1 t-b-τ Unification
After the introductory qualitaive remarks, we now present some quantitative details which will
be helpful in appreciating the dierences between the APSs with and without the D-terms. In
order to comment on the accessibility of the APS at LHC energies we need some benchmark
values. We present, as rough guide lines, the results from [16] ( see Figure 1d of [16] ) : the
region bounded by m1/2 < 0.9 TeV and m16 < 1.5 TeV can be probed at the LHC . Although for
the large m16 region the reach in m1/2 is somewhat smaller. With progess in R & D, however,
an expansion of the testable region is not quite unlikely. In particular in the large tanβ scenario
some very special signals involving third generation sfermions might provide useful handles for
extending the LHC reach.
Requiring t-b-τ Yukawa unication even with a modest accuracy ( 10%) it was found in [4]
in the universal model that A0 < 0 is ruled out by the UFB1 constraint. Invoking nonuniversality




such values of A0 explains this constraint ( see gure 1 of [4] and the discussions after eqn 8 ).
However, since this constraint may be bypassed by requiring a false vacuum with a large life
time as discussed in the introduction [15], we describe briefly the APS due to Yukawa unication
alone.
For large negative value of A0 (e.g., A0 = −2m16), the unication allowed APS is a narrow
band of large m16 and m1/2 values, with m16 > 800 and m1/2 > 1000GeV, which are hardly
interesting even in the context of SUSY searches at the LHC.
However, for −m16 < A0 < m16, ( see g. 11 of [4] ), a realtively large APS with smaller m16
and m1/2, more interesing for LHC physics, are found ( typically m16 > 400 GeV and m1/2 > 500
GeV). The UFB1 constraints mainly excludes points with high m16 and m1/2 which are not very
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interesting phenomenologically. Nonuniversality with m10 > m16 leaves APS qualitatively the
same so far as the phenomenologically interesting low m16 and m1/2 region is concerned. (see
g. 12 of [4] ). For m10 < m16, the APS is similar except that at a few points with still lower
values of m1/2 are allowed. A narrow slice of the APS is testable at LHC.
For larger positive values of A0, (e.g., A0 = 2m16) unication allowed APS decreases dras-
tically. A very small region, having a shape qualitatively similar to that for A0 = −2m16, with
m16 > 500 and m1/2 > 900GeV was allowed.
Scanning over the entire parameter space we have not found any region with very heavy
sfermions, practically beyond the reach of LHC, along with light gaugunos with m1/2 close to
the current experimental lower bound.
If we require more accurate unication ( e.g., 5%), which occurs at a relatively higher value
of tanβ( 49) that tends to violate both the REWSB condition and the nutralino LSP condition,
the APS reduces drastically. No point is obtained for large negative A0 (e.g., A0 = −2m16).
For −m16 < A0 < m16, a very small region with m16(m1/2) > 500(1000)GeV is obtained. If
we increase A0 to large positive values (e.g., A0 = 2m16) very few points with m16(m1/2) >
1000(1300)GeV are obtained. Thus unication close to the ideal situation without D-terms
seems to be beyond the perview of LHC searches.
Thus we conclude that if we require very precise Yukawa unication without D-terms, the
APS is practically negligible. The squark and gluino are expected to be rather heavy ( mq˜,mg˜ >
2 TeV ), while ml˜  500 GeV and mχ˜±  1000 GeV can not be ruled out with absolute certainty
, although the corresponding APS is rather tiny. One of the main results of this paper is to
show that precise t− b− τ Yukawa unication and relatively light sparticles with masses close to
the current experimental lower bounds are compatible in the presence of D-terms of moderate
accuracy.
2.2 b-τ Yukawa unification
We rst consider large negative values of A0 ( A0 < −2m16, say ). In the universal scenario
unication alone permits a rather large APS including points with m1/2 and m16 having values
close to the current experimental lower bounds ( g 6 of [4] ). The strong constraints from
UFB1 and UFB3 conditions, however, lead to a much restricted APS bounded from both above
and below. In this limited region m16 > 400 GeV irrespective of m1/2. The lower bound on
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m1/2, however, essentially comes from experiment. The upper bounds on the other hand is so
restricted that almost the entire theoretically allowed parameter space can be scanned at the
LHC.
For nonuniversal boundary conditions and A0 = −2m16, an intresting sparticle spectrum
emerges, which is rather uncommon if full unication is required. Only with m10 < m16,
this testable mass hierarchy with the squarks and sleptons much heavier than the gauginos, is
obtained. The minimum of m1/2 is close to the experimental lower bound and the upperbound
is m1/2 < 1 TeV . It should be emphasised that this stringent upper bound arises due to strong
UFB3 constraints ( g 9 of [4] ). Thus copious gaugino production at LHC accompanied by
unobservable or much suppressed sfermion production, is a hall mark of this scenario. For
m10 > m16 the requirement of unication restricts the APS so severely that inspite of the
weakening of the UFB conditions a highly restricted APS with its bulk accessible to LHC
searches is obtained ( g 10 ).
The APS permitted by unication alone is severely squeezed for algebraically larger values
of A0 although the UFB bounds get weaker. For moderate negative values of A0 (say, A0 =
-m16 ) or A0 = 0, substantial fractions of the APSs can be probed at the LHC as is indicated
by our bench mark values.
3 Impact of D-terms on Yukawa unification and stability of the
Potential
As has already been mentioned in the introduction, D-terms have non-trivial impact on Yukawa
unication. The reasons have already been discussed in the literature [13]. We repeat them very
briefly for the sake of completeness.
We shall now focus our attention on an SO(10) SUSY GUT [7] containing all the quarks and
leptons of a given generation in a 16 dimensional multiplet which includes the heavy right handed
neutrino. In this model the rst two generations of squarks and sleptons with small Yukawa
couplings are expected to be highly degenerate at the GUT scale, even if the running of the soft
breaking masses between MP and MG[10] is taken into account. In principle nonuniversal masses
for the third generation sfermions with a larger Yukawa coupling is possible due to the above
running. However, we shall assume this intergeneration nonuniversility to be small compared to
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the nonuniversality due to D-terms, which is the main subject of our attention described below.
Thus the 16 plets belonging to all the three generations are assumed to have a common soft
breaking mass m16 at MG.
The soft breaking mass of the light higgs bosons at MG may be signicantly dierent from
that of the sfermion sector due to the running between MP and MG. The light higgs doublets
reside in a 10 plet of SO(10) and hence are renormalised dierently. Moreover they have to couple
to other super heavy GUT elds in order to implement the mass-split between the coloured higgs
bosons and the colour neutral ones responsible for SU(2)  U(1) breaking. Unfortunately the
magnitude of the resulting nonuniversility is not calculable without specifying all the couplings
of the higgs bosons, which are not known presently. We parametrize this uncertainty by taking
the Higgs soft breaking mass at the GUT scale to be m10 which is dierent from m16.
Non-universality of the sfermion masses at may still arise at MG due to D-term contributions,
which appear when SO(10) breaks into a group of smaller rank[11]. In general such contributions
could be dierent for dierent members of the 16-plet . However, these non-universal terms are
generation independent, so that no additional problem due to flavour changing neutral currents
arise.
As a specic example we shall consider the breaking of SO(10) directly to the SM gauge
group [11]. The group SO(10) contains SU(5)U(1) as a subgroup. It is further assumed that



















where the unknown parameter m2D( the D-term ) can be of either sign. The mass dierences
arise because of the dierences in the U(1) quantum numbers of the sparticles concerned. As
can be readily seen from the above formula for mD > 0, the left handed sleptons and right
handed down type squarks ( belonging to the 5 representation of SU(5) ), are relatively light
compared to the members of the 10 plet of SU(5). The phenomenology of these D-terms have
been studied by several authors [12, 13].
From the above spectrum it is quite clear that the conflict between Yukawa unication and




at MG for positive values of the D-term, µ2 does not become negative at the weak scale even
for tan β large enough to produce t− b− τ unication.
As discussed in [4], the variation of m2Hd and m
2
Hu
with respect to the common trilinear
coupling A0 is of crucial importance in understanding the UFB constraints. Here we extend
the discussion for non-zero values of the D-term, mD = m16/5 and m16/3, which is illustrated




positve values. In addition, it follows from REWSB condition that as the dierence m2Hd −m2Hu
increases, the higgsino mass parameter µ increases. As a result the UFB1 constraint becomes
weaker for large mD values (see eq. 18 of [3] ). Moreover at the GUT scale mLi becomes smaller
for larger mD. From eq. (32) of [3] it can be argued that the parameter space where m2Hu +m
2
Li
is negative increases, and the model is likely to be more succeptible to the UFB3 codition.
We next note that though moderate values of mD leads to better Yukawa unication, some-
what larger values of this parameter spoils it. Although the D-terms do not aect the evolution
of the Yukawa couplings directly through the renormalization group (RG) equations, they change
the initial conditions through SUSY radiative corrections to mb(mZ) [17]. This is illustrated in
gures 2-4, where the unication is shown for three dierent values of mD. The choice of other
SUSY paremeters for these gures are as follows:
m10 = m16 = 1500GeV, m1/2 = 500GeV, tanβ=48.5, A0 = 0.
From gure 2 (mD = 0), we see that the accuracy of unication is rather modest ( 15%).
As mD is further increased to m16/5 (g. 3), the ~b~g loop corrections (see eq. (8) of [17]) to
mb(mZ) increases and leads to a better unication. However, if we increase mD further to
m16/3, the accuracy of unication deteriorates ( g. 4) since mb(mZ) suers a correction which
is too large. We have checked that this feature holds for a wide choice of SUSY parameters. We
thus conclude that with the inclusion of nonzero D-terms of moderate magnitude, t-b-τ Yukawa
unication within 5% is possible, while for much larger values the unication worsens.
Throughout this paper we mainly restrict ourselves to this 5% accuracy, which is achiev-
able only in the presence of the D-terms . For unication of smaller accuracy, the APS is




In this section, we discuss quantitatively the impact of the D-terms on the parameter space
allowed by b − τ and t − b − τ Yukawa unication and UFB constraints, in the context of the
universal and nonuniversal models.
4.1 t-b-τ Unification
We start our discussion for moderate values of the D - term (e.g., mD = m16/5) and the universal
scenerio. For large negative values of A0 (e.g., A0 = −2m16), which disfavours REWSB at this
large tanβ (  49 ), only a narrow band of m1/2 is allowed by Yukawa unication. However,
these points correspond to rather heavy sparticles (e.g., m16(m1/2) > 1100(1300)GeV ) which
are of little interest even for SUSY searches at the LHC. Moreover, the tiny APS allowed by the
unication criterion is ruled out by the UFB conditions.




are less negative for smaller m16 and m1/2, which helps REWSB. As a result the
APS slightly expands in the low m16−m1/2 region and the lower limit on m1/2 decreases by 200
GeV. On the contrary, if we decrease m10 (e.g., m10 = 0.8m16), the APS reduces drasically and
very few points are allowed. Thus no squarks - gluino signal is expected at LHC for A0 < −2m16
irrespective of the boundary conditions ( universal or non-universal) on the scalar masses. Over
a small region of the APS somewhat lighter sleptons ( ml˜  1000GeV ) are permitted.
Relatively large APSs with phenomenologically interesting values of m1/2 open up for−m16 <
A0 < m16, which is favourable for both Yukawa unication and REWSB. This is an interesting
region accessible to experiments. It may be recalled that without the D-terms negative A0 was
was ruled out even if unication at the level of 10% accuracy was required.
We begin with the universal model and moderate mD. In g. 5 we show the m16−m1/2 plane
for A0 = −m16. We see, a large APS is allowed by the unication criterion. For m16 > 1200GeV,
low values of m1/2 are quite common.
Scanning over the APS we nd that the lowest gluino mass is mg˜ = 564 GeV, the minimum
sfermion masses are mq˜  1200 GeV, ml˜  1200 GeV. It should be stressed that this mass
pattern with all sfermions much heavier than the gauginos including the gluino, cannot be
accommodated without the D-terms. In the presence of D-term this hierarchy is a distinct
possibility for −m16 < A0 < m16.
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Requiring Yukawa unication alone, m16 can be as low as 700 GeV. However, this requires
m1/2  1100 GeV, corresponding to: mg˜  2422 GeV, mq˜  2200 GeV, ml˜  829 GeV.
As the potential constraints are switched on an interesting upper bound on m1/2 is imposed
by the UFB1 constraint ( gure 5) . As a result practically over the entire APS, the gauginos
are required to be signicantly lighter than the sfermions. Moreover the allowed gaugino masses
are accessible to searches at the LHC. Points corresponding to the low m16 region are also
disallowed, leading to m16 > 1.2 TeV.
As A0 is further increased algebraically the APS decreases due to unication and REWSB
constraints. This trend is similar to the one seen without the D - Terms. For A0 = 0, we obtain
an upper limit m16  2400 GeV . However, the lower limits on m16 and m1/2 are relaxed by
 200 GeV in comparison to the A0 = −m16 case. As we further increase the value of A0 to
A0 = m16, the APS is almost same with A0 = −m16, although the UFB constraints are much
weaker. However, the light gaugino heavy sfermion spectrum prevails in all cases. We may
conclude that as the absolute value of A0 increases, Yukawa unication is less restricted while
REWSB is somewhat disfavoured. When both act in combination, we get a relatively large APS
for jA0j = m16 and a somewhat smaller one for A0 = 0.
We next focous on the impact of nonuniversality on the negative A0 scenario. The shape of
the APS is aected appreciably ( see gure 6). As m10 decreases, Yb get larger SUSY threshold
correctons than Yτ and Yt; this disfavours Yukawa unication. On the other hand m2Hd and
m2Hu becomes more negative for even smaller values of m16 and m1/2, which disfavors REWSB.
The overall APS is smaller compared to the universal case ( compare gure 5 and 6 ). A large
segment, which could be phenomenologically interesting according to our bench mark values,
are ruled out.
For m10 < m16, The UFB1 constraint still imposes an upper bound on the gaugino mass
and a stringent lower bound on m16 ; as in the universal scenario, only sleptons and squarks
beyond the reach of LHC are allowed, while the gauginos are within the striking range of LHC
practically over the entire APS. As an example, for m10 = .8m16, we see from g. 6, m16 > 1600
GeV . No major change is noted in the APS for A0 = 0 and A0 = m16 apart from the fact that
the UFB constraints get weaker.
For a dierent pattern of nonuniversality ( m10 > m16 ), Yukawa unication alone narrows
down the APS considerably. However, it is seen that regions with simultaneously low values of
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m16 and m1/2 are permitted in this specic nonuniversal scenario only. On the otherhand the
heavy sfermion, light gaugino mass hierarchy, preferred by the other scenarios, is disfavoured.
For m10 = 1.2m16 ( g. 7 ) it is found that m16 > 800 GeV for m1/2 > 300 GeV.
The unication allowed parameter space, however, is very sensitive to the UFB conditions
which practically rules out the entire APS for negative A0.
We now discuss the impact of larger D-terms on the parameter space. For example, with
mD = m16/3, the APS reduces drastically in the universal as well as in the nonuniversal scenario
with m10 < m16, irrespective of A0. This is illustrated in gure 8. and is in complete agreement
with our qualitative discussion.
Only in the special nonuniversal scenario m10 > m16 the APS tends to increase with increas-
ing mD. However, mD cannot be increased arbitrarily. For m10 = 1.2m16, the APS begins to
shrink again for mD > m16/3 and we nd no point for mD = m16/2.
As m10 is increased further, Yukawa unication occurs in a narrower APS. This, nevertheless,
is a phenomenologically interesting region where lower m16−m1/2 values can be accommodated.
For example, at the point m16(m1/2) =400(300), m10 = 1.5m16,mD = m16/3, A0=0 and tanβ 
51, we obtain mg˜ = 742 GeV, mq˜  700 GeV, ml˜  400 GeV and mτ˜1 = 274 GeV. However, we
cannot increase m10 arbitrarily either, the APS reduces drasically for m10 > 1.5m16.
4.2 b-τ Yukawa unification
In our previous work[4] without D-terms, we had shown that the APS is strongly restricted due
to Yukawa unication and UFB constraints. If D-terms are included, Yukawa unication and
REWSB occur over a larger region of the parameter space. This is primarily due to the fact
that while Yukawa unication can now be accomodated for a relatively low tanβ, REWSB may
occur for tanβ somewhat higher than that permitted by the mD = 0 case. This reduces the
conflict between unication and REWSB. As a result m1/2 almost as low as that allowed by
the LEP bound on the chargino mass is permitted over a wide range of m16. In some cases the
upper bound on m16 for a given m1/2 is also relaxed. Similarly for a xed m16, the upper bound
on m1/2 is sometimes relaxed by few hundred GeVs. Through out this paper we require this
unication to an accuracy of < 5%.
For large negative values of A0 ( A0 = −2m16 )and mD = m16/5 in the universal scenario,
the unication allowed APS expands signicantly compared to the mD = 0 scenario. Moreover,
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the phenomenologically intriguing scenario with light gauginos but sleptons and squrks beyond
the reach of LHC ( g. 9), which was rather uncommon without the D-terms (see section 2 ), is
now viable.
Without the D-term, the APS was severely restricted by the UFB conditions ( see gure 6
of [4] ) for large negative values of A0. As discussed earlier, inclusion of D-term increases the
value of µ. As a rseult UFB1 looses its constraining power; lower values of m1/2 are allowed
for large m16 by UFB1. On the other hand as the value of D-term increases, UFB3 becomes
slightly more restrictive and the upper bounds on m1/2 for relatively low values of m16 are now
stronger ( e.g. for m16 = 600, 1000 GeV, m1/2 < 300, 600 ).
Now, for algebraically larger A0, the Yukawa unication allowed APS generally get more
restricted for mD = 0. The same trend is observed for A0  0 in the presence of the D-terms.
For A0 > 0 the APS again expands. However the UFB constraints are found to be progressively
weaker as A0 is increased from A0 = −2m16. No new features in the APS is noticed.
We next consider the non-unversal scenerio m10 6= m16. If we take m10 < m16 and mD =
m16/5, the unication allowed parameter space for A0 = −2m16 is more or less the same as
in the universal scenario ( see gure 10 ). The entire APS is, however, ruled out due to very
powerful constraints obtained from the UFB3 condition. This conclusion holds for even larger
values of mD while, as expected, the UFB constraints loose their potency for algebraically larger
values of A0.
For m10 > m16 and large negative A0 ( A0 = −2m16 ) the unication allowed APS reduces
drastically compared to the universal case in the mD = 0 scenario ( g. 10 in [4] ). The same
trend is observed in the moderate mD scenario. Although the APS is signicantly larger than
that for mD 6= 0 ( g 11 ). For a given m1/2 ( m16 ) the upperbound on m16 (m1/2 ) gets weaker.
Relatively light gluinos consistent with current bounds are allowed over a larger region of the
parameter space. The UFB constraints restrict the APS further and put rather strong bounds
on m1/2 and m16. A large fraction of this restricted APS is accessible to tests at LHC energies.
This interesting spectrum is not preferred by the nonuniversal scenarios. ( g 10 & 11 )
The usual reduction of the APS due to unication constraints as A0 is incereased from
A0 = −m16 also holds in this nonuniversal scenario.
If we increase mD further the APS due to Yukawa unication reduces for reasons diccussed
earlier. The UFB1 constraint also gets weaker. On the other hand the UFB3 constraints become
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rather potent. For example, i) with A0 = −2m16 and mD > m16/3 the entire APS for m10 = m16
or m10 < m16 is ruled out. ii) A0 = −m16 and mD > m16/2 the entire APS corresponding to
m10 = m16 or m10 < m16 is ruled out. On the other hand for m10 > m16 the APS is sizable.
5 Conclusions
As has been noted in the literature [13] very precise (t - b -τ ) Yukawa unication ( accuracy 
5% ) is possible within the framework of an SO (10) SUSY GUT only in the presence of SO (10)
D-terms, which arise quite naturally. In this paper we have noted that while this observation
is true for modeate values of the D-term ( mD  m16/5 say), the APS shrinks for larger mD
( > m16/3 ). We have also studied the impact of the UFB constraints [3] on the unication
allowed parameter space. Our analysis is carried out within the general framework where all
scalars may or may not be degenerate at the GUT scale. Our conclusions are summarised as
follows.
i) It was noted in [4] that even if full unication with modest accuracy ( 10 % ) is required,
negative values of the trilinear softbreaking parameter A0 are forbidden by the UFB constraints
with out the D-term.
In this paper we have shown that large negative values of A0 continues to be strongly
disfavoured even in the presence of D-terms. However, even with very precise unication (  5%
), moderate negative values of A0 are consistent with the stability of the potential when D-terms
are introduced ( see gures 5 - 8 ). More importantly this scenario strongly favours relatively
heavy sfermions with much lighter gauginos( including the gluino) well within the striking range
of the LHC. The universal as well as the nonuniversal scenario with m10 < m16 prefer this
hierarchy. On the other hand the scenario with m10 > m16, which disfavours this hierarchy, is
practically ruled out by UFB constraints. We stress that this hierarchy is stronly disfavoured
without the D-terms even if t− b− τ Yukawa unication with modest accuracy is required.
For algebraically larger values of A0 the heavy sfermion, light gaugino scenerio may be
accomodated although the UFB constraints are now weaker.
After a detailed study, we have found that over a signicant region of the APS with moderate
values of mD (  m16/5 ) gauginos as light as the current experimental lower bound ( m1/2  100
GeV ) are allowed. In such cases the sfermions are sometimes within the reach of the LHC. In
an extreme case only the gauginos are observable with masses close to the current lower bounds,
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but sfermions are beyond the kinematical limit of LHC. Without D-terms this is possible only
in the specic non-universal scenerio ( m10 < m16 ) with b− τ unication.
As in the mD = 0 case, the UFB1 condition strongly disfavours large negative values of A0
( A0 < −2m16 ) and sets experimentally testable upper limits on m1/2 over the entire APS (g.
5 - 8 ). For example some of the electroweak gauginos in addition to the LSP are neccessarily
lighter than 1 TeV. The non-universal scenerio with m10 > m16 is strongly disfavoured by UFB1
condition.
The partial b − τ unication which takes place at relatively low tan β has usually a larger
APS even without the D-terms. The APS further increases after inclusion of D-terms. Apart
for a very special nonuniversal scenario m10 < m16, the mass pattern with large m16 and small
m1/2 is not permitted in the absence of the D-terms. In the presence of the D-terms this mass
pattern can be well accommodated in the universal scenario for large negative values of A0,
although the nonuniversal scenarios still disfavour it.
This mass hierarchy is seen for moderately negative values of A0 but are disfavoured by
A0 > 0.
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Figure 1: The variation of the Higgs mass parameters m2Hu and m
2
Hd
, evaluted at the scale
MS =
p
mtLmtR , with the trilinear coupling A0. The solid ( dotted ) lines are for mD =
m16/5(m16/3). The top two lines are for m2Hu while the lower pair is form
2
Hd
. We have used
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Figure 2: The variation of Yukawa couplings with renormalization scale Q (GeV). From above
the lines are for top, bottom and τ Yukawa couplings respectively. We have used m16 = m10=1.5
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Figure 5: The allowed parameter space in the universal scenario with t − b − τ unification 
5%. All the points are allowed by the Yukawa unification criterion; the asterisks are ruled out
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Figure 9: The allowed parameter space in the universal scenario with b − τ unification  5%.
All the points are allowed by the Yukawa unification criterion; the asterisks are ruled out by
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Figure 11: The same as Fig. 9, with m10 = 1.2m16.
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